S
jögren's syndrome (SS) is a common inflammatory disease characterized by lymphocytic infiltration of salivary and lacrimal glands leading to glandular hypofunction and dry mouth and eyes (Thomas et al, 1998) . Salivary gland biopsies show lymphocytic infiltrates with a maximal 50% decrease in acini number (Andoth et al, 1993) , and metalloproteinases have been implicated in acinar destruction (Azuma et al, 1997) . However, in addition to loss of gland elements, gland dysfunction plays an important role in the clinical expression of the disease (Thomas et al, 1998) . Several factors may contribute to impaired salivary flow, including proinflammatory cytokines, such as IL-1 and TNF-␣, that can inhibit both basal and stimulated secretion (Fox, 1997; Soliven and Wang, 1995) . Decreased protein kinase C levels in salivary gland acinar cells of SS patients (Tornwall et al, 1997) , along with the presence of antibodies against muscarinic M3 receptor in primary SS patients could prevent normal gland responses to neuronal stimulation (Bacman et al, 1996) .
In a normal salivary gland, the acini secrete a primary isotonic fluid from which considerable NaCl is resorbed during the passage through the ducts. Ductal cells possess a sodium channel (Cook et al, 1994; Moran et al, 1995) , a chloride channel (Cook et al, 1994; He et al, 1997) , and a sodium-proton exchanger (Cook et al, 1994; He et al, 1997) , which are likely to be involved in NaCl reabsorption, as well as a potassiumproton exchanger that may mediate potassium and bicarbonate secretion (Cook et al, 1994; Knauf et al, 1982) .
Recent discovery of a family of water-specific membrane channel proteins, the aquaporins, provided insight into the molecular mechanism of membrane water permeability in a variety of tissues Borgnia et al, 1999; King and Agre 1996; Knepper, 1994; Verkman et al, 1996) . Aquaporin-1 (AQP1) provides the molecular pathway for water reabsorption in the renal proximal tubule and vasa recta (Nielsen et al, 1993) , participates in lung water homeostasis (King and Agre, 1996) , and in the secretion of cerebrospinal fluid, aqueous humor (Nielsen et al, 1993; Stamer et al, 1994) , and bile . Aquaporin-5 (AQP5) was cloned from rat submandibular glands and is also present in the lacrimal gland and lung, suggesting roles in generation of saliva, tears, and pulmonary secretions (Raina et al, 1995) . Among the aquaporins identified to date, only AQP1 and AQP5 have been immunohistochemically localized to rat salivary glands. AQP1 is present in capillaries and venules adjacent to the gland epithelium (Delporte et al, 1997; Li et al, 1992; Nielsen et al, 1993) . AQP5 is present in the apical membrane of acinar cells He et al, 1997; and the proximal segment of intercalated ducts Matsuzaki et al, 1999; , predicting participation in water transport across the glandular epithelium. Recently, Ma et al (1999) reported that transgenic mice lacking AQP5 exhibit decreased saliva secretion, confirming the physiologic relevance of AQP5 in salivary gland function.
The aims of this study were to characterize the cellular distribution of human aquaporin-5 (hAQP5) in minor salivary glands (MSG) from SS patients and normal subjects and to investigate potential differences in the pattern of expression.
Results

hAQP5 Antibodies
The C-terminus of hAQP5 differs from its rat homolog at 6 of 22 residues (Lee et al, 1996) . Although an antibody prepared to rat AQP5 reacts well with rat tissues (Delporte et al, 1996; King et al, 1997) , the reagent produces limited cross-reactivity with human tissues. Therefore, an antibody to a synthetic peptide corresponding to the C-terminus of hAQP5 was prepared. An immunoblot of membranes from uninjected oocytes and oocytes injected with hAQP5 cRNA was probed with the antibody (Fig. 1) . A single band at 27 kDa was evident in membranes of hAQP5 oocytes probed with the new antibody; no labeling was detected in water-injected control oocytes.
Western blot analysis of 17,000 g membranes from MSG of control subjects and SS patients probed with the hAQP5 antibody also demonstrated a 27 kDa band (Fig. 2) .
Immunohistochemical Localization of hAQP5 in MSG from Control Subjects and SS Patients
In MSG biopsies from normal subjects, hAQP5 was detected by immunohistochemistry primarily at the apical membrane of the acinar cells (Fig. 3 , A and C). In contrast, MSG biopsies from SS patients revealed hAQP5 expression primarily at the basal membrane of the acinar cells (Fig. 3, B and D) . The hAQP5 distribution in MSG biopsies from patients with other dry mouth disorders, such as non-specific sialoadenitis (Fig. 3E ) or sarcoidosis (data not shown), was similar to MSG biopsies from control subjects. In ductal cells of MSG biopsies from normal subjects, SS patients ( Fig. 3D ) and patients with non-specific sialoadenitis or sarcoidosis, hAQP5 was detected apically, basolaterally, and intracellularly.
A computer-assisted microscopy procedure was performed to quantitatively evaluate the labeling index (LI) of the immunoreactive acini (Table 1 ). The LI corresponds to the percentage of acinus area immunoreactive for hAQP5 in each region of the cell. MSG biopsies from SS patients exhibited higher LI at the basal membrane of the acinar cells (42.5 Ϯ 3.7%) when compared with MSG biopsies from control subjects (11.4 Ϯ 1.5%). In contrast, MSG biopsies from SS patients exhibited lower LI at the apical membrane of acinar cells (68.7 Ϯ 4.1%) when compared with biopsies from control subjects (94.6 Ϯ 1%) ( Table 1) .
Determination of Serum Immunoreactivity to hAQP5
Protein immunoblots of membranes from hAQP5-expressing oocytes were probed with serum from 10 SS patients and 5 control subjects. No antibodies directed against hAQP5 were detected in sera from patients with SS (data not shown). hAQP5 expression in minor salivary glands (MSG) of control subjects and Sjögren's syndrome (SS) patients. Western blot analysis was performed using 10 g of 17,000 g membranes from MSG of control subjects or SS patients and anti-hAQP5 diluted at 1:2000.
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Discussion
Although the biological mechanisms that lead to sicca symptoms in SS are poorly understood, it is increasingly evident that dryness of the eyes and mouth do not result solely from gland destruction. Cytokines, autoantibodies, or soluble factors may also contribute to gland dysfunction (Humphreys-Beher and Peck, 1999) . Based upon its distribution, a potential role for the water channel protein AQP5 was evaluated in the pathogenesis of SS in this study.
The subcellular localization of AQP5 in rat salivary glands has been demonstrated Nielsen et al, 1997) . However, to our knowledge, the present study provides the first description of the localization of AQP5 in human MSG, and indicates a distinct distribution pattern in MSG from SS patients. hAQP5 immunoreactivity was predominantly localized to the apical membrane of acinar cells from control subjects. In contrast, hAQP5 expression was more prominent at the basal membrane of acinar cells in MSG biopsies from SS patients. A quantitative analysis using a computer-assisted microscope system further confirmed that the LI of the immunoreactive acini was lower at the apical membrane and higher at the basal membrane of acinar cells in MSG from SS patients as compared with normal subjects. In MSG, the abnormal distribution of AQP5 observed in SS patients was specific to SS, because other dry mouth pathologies such as non-specific sialoadenitis and sarcoidosis had AQP5 distributions that were similar to control subjects. Also, Western blot analysis on 17,000 g membranes from MSG of control subjects and SS Immunohistochemical localization of hAQP5 in MSG. AQP5 was localized on MSG sections from a control subject (A, C), an SS patient (B, D), and a patient with nonspecific sialoadenitis (E) (A, B, and E, original magnification, ϫ40; C and D, original magnification, ϫ20), using affinity-purified hAQP5 antibodies and a Histostain SP kit. The AQP5 localization was representative of immunoreactivity of MSG sections from 10 control subjects, 10 SS patients, and 2 patients with nonspecific sialoadenitis. A negative control was performed with hAQP5 antibody that had been previously incubated with the immunizing peptide (1.5 mg/ml) (data not shown). patients, performed to verify the specificity of the hAQP5 antibody, showed a 27 kDa band, corresponding to the expected molecular weight of AQP5. The predominance of AQP5 immunoreactivity at the basal membrane of acinar cells from SS patients suggests a defect in AQP5 routing. Similar observations of altered protein trafficking in SS patients were shown for the Na ϩ -independent chloride-bicarbonate anion exchanger (Vazquez et al, 1995) . However, autoantibodies to AQP5 could not account for misrouting, because no hAQP5 antibodies were detected in sera from 10 patients with SS. Impaired AQP5 trafficking could be responsible for the decrease in saliva production observed in SS patients, a hypothesis supported by the recent demonstration of reduced salivary fluid secretion in AQP5 knock-out mice (Ma et al, 1999) . Further studies of basic mechanisms of AQP5 trafficking may provide valuable insight into AQP5 regulation in its routing in MSG from both control subjects and SS patients. AQP5 misrouting could also be involved in dry-mouth postirradiation therapy for head and neck cancer.
Water channel gene transfer could be a potential therapeutic approach in SS patients, and in patients suffering from impaired saliva production resulting from radiation therapy for head and neck cancer (Silverman, 1992; Vissink et al, 1991) . Increased fluid secretion is observed after adenoviral-mediated gene transfer of the AQP1 cDNA to irradiated rat salivary glands (Delporte et al, 1997) . More recently, gene transfer to irradiated parotid glands of non-human primates was well tolerated, although its functional utility in enhancing fluid secretion was inconsistent (O'Connell et al, 1999) .
In conclusion, this study provides the first description of the localization of AQP5 in human MSG, and indicates an abnormal distribution of AQP5 in MSG from SS patients, which could be responsible for a loss of saliva secretion in these patients.
Material and Methods
Patients
MSG biopsies of the lower lip were obtained from women after informed consent. Biopsies were obtained from primary SS patients (25 to 69 years old, mean: 53.2 Ϯ 14 years old, n ϭ 10), healthy volunteers (22 to 68 years old, mean: 46.2 Ϯ 17 years old, n ϭ 10), two patients with sarcoidosis (37 and 48 years old), and two patients with nonspecific sialoadenitis (54 and 61 years old). SS patients fulfilled both the San Diego (Fox et al, 1986 ) and the modified European Community (Vitali et al, 1993) classification criteria for SS, and had Ro/SS-A and La/SS-B antibodies. Biopsies were evaluated for focus scores according to the method described by Greenspan et al (1974) and exhibited a focus score Ͼ 2 per 4 mm 2 area. One focus is equal to an aggregate of Ն 50 mononuclear cells per 4 mm 2 area of salivary gland.
Determination of Antinuclear Antibodies
An indirect immunofluorescence procedure using Hep.2 cell substrates was employed to detect the presence and titer of antinuclear antibody (ANA) (Immunoconcept, Sacramento, California). Ro/SSA and La/SSB antibodies were detected by ELISA (INOVA Diagnostics, San Diego, California).
Antibodies to hAQP5
All studies were undertaken with affinity-purified antibodies. The antibody specific for hAQP5 was prepared as described (Terris et al, 1995) . A synthetic peptide corresponding to the carboxy-terminus of hAQP5 (NH2-CEPDEDWEEQREERKKTMELTTR-COOH) (Lee et al, 1996) was cross-linked to keyhole limpet hemocyanin, and was used to immunize New Zealand white rabbits (Lofstrand Laboratories, Gaithersburg, Maryland). Polyclonal anti-hAQP5 IgG was affinity-purified from serum using Sulfolink coupling gel (Pierce Chemical, Indianapolis, Indiana) conjugated with 2 to 4 mg of the synthetic peptide. Specificity and reactivity of the hAQP5 antibodies were determined by protein immunoblot. Briefly, 50 nl of water or 5 ng of hAQP5 cRNA (Lee et al, 1996) was injected into defolliculated stage V to VI Xenopus laevis oocytes as described (Preston et al, 1993) . After incubating for 3 days, oocyte membranes were harvested and solubilized in 1% SDS, subjected to electrophoresis in 12% acrylamide gels, and transferred to nitrocellulose. Immunoblots were incubated with the hAQP5 antibody (1:2000 dilution), and visualized with chemiluminescence (Amersham, Braunschweig, Germany) and autoradiography. An affinity-purified polyclonal rat AQP5 antibody, prepared as described elsewhere (Delporte et al, 1996) and kindly provided by Dr. B. Baum, did not cross-react with the hAQP5 protein.
Protein immunoblots of 17,000 g membranes (10 g of protein/lane) from MSG of control or SS patients were probed with the hAQP5 antibody as described above.
In an additional set of studies, protein immunoblots of membranes from control and hAQP5-expressing Xenopus oocytes were probed with serum from 10 patients with SS and 5 control patients (1:100 dilution), and visualized as described.
Immunohistochemical Localization of hAQP5
Immediately after removal, MSG tissue biopsies were fixed in 4% buffered formaldehyde, paraffinembedded, and sectioned (5 m thick). AQP5 was localized by immunohistochemistry using hAQP5 antibodies (dilution 1:100) and a Histostain SP kit (Zymed Laboratories, San Francisco, California). As a control, MSG sections were incubated either with secondary antibody alone or with hAQP5 antibody pre-adsorbed with the immunizing peptide in 100-fold excess.
Determination of Immunoreactivity
The LI corresponds to the percentage of acinus area immunoreactive for hAQP5 in each region of the cell. Quantitative analysis of the LI of the immunoreactive acini was performed as previously described (Camby et al, 1999; Steinfeld et al, 1999) , using a SAMBA 2005 computer-assisted microscope system (UNILOG, Grenoble, France) equipped with a 20ϫ magnification lens (aperture 0.50). On each pixel, the tissueintegrated optical density due to the hematoxylin counter-staining and the red aminoethyl carbazole chromogen were computed on 256 densitometric levels in two color channels. Immunoreactivity generated by binding of the histochemical probe was defined by the integrated optical values in excess of the mean plus two standard deviations of the corresponding negative control.
The computer-assisted microscope and related quantitative analyses were standardized as follows. A negative histological control slide (from which the primary antibody was omitted) was analyzed for each experimental condition. The software used on the computer-assisted microscope automatically subtracted the LI and MOD values of the negative control sample from each of the two positive samples available for each experimental condition. Specific software was included in the computer assisting the microscope to check any inherent shading in the CCD camera-based systems, the glare phenomenon, and the level of linear precision. The shading and glare were checked each week. The monitoring procedure installed on our computer-assisted microscope showed that neither shading, glare, nor linearity significantly modified our results (data not shown). Twenty acini and ten ducts were analyzed in each experimental condition.
Statistical Analysis
Laboratory data are expressed as the mean Ϯ SEM The Mann-Whitney U test was used to evaluate the statistical differences in AQP5 expression in MSG from normal subjects and SS patients. All statistical analyses were carried out using Statistica software (Statsoft, Tulsa, Oklahoma).
